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ABSTRACT 
A set of 37 genotypes selected from a survey of over 200 diverse germplasms, for their 
diverse drought tolerance mechanisms, were analyzed in this study for root physiological traits 
that are indicative of different drought resistance mechanisms. The genotypes include controls 
such as the drought sensitive IR64 and Nipponbare, along with the drought resistant Nagina 22 
(N22) and Bengal landraces to identify distinguishing phenotypic features of resistant accessions. 
Anatomical traits studied include total areas of the cross-sections of the stele, cortex, 
aerenchyma, cortical-cell, and xylem tissue; the number of aerenchyma, xylem vessels, cortical 
cell file number and size that together describe a number of root phenes, or individual traits that 
can be analyzed genetically. To make paired comparisons in size using cross-section area the 
ratio of xylem to stele, stele to cortex, cortex to cross-section, stele to cross-section, cortical cell 
area to cortex, and aerenchyma to cortical cell area were calculated. Architectural traits were 
evaluated for root diameter, number of crown roots, lateral root densities, root length and root 
angles. To study the expression of genes with known function in root traits, the intrinsic gene 
expression levels of ten candidate genes under optimal growth conditions were estimated by 
qRT-PCR, which was then used in correlation studies with the data on phenotypic variation. 
These correlations between gene expression and root phenotype across diverse rice genotypes 
provide a novel insight to the role of these genes in determining root phenes and their potential 
function in drought resistance. 
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INTRODUCTION 
 Rice (Oryza sativa) is a staple food for nearly half of the world’s population, which is 
expected to reach 9 billion by the middle of the twenty-first century (Wallace, 2000). As the 
population increases they will require a greater amount of our limited natural resources for social 
and economic development, decreasing the availability for irrigation and crop production. 
Currently irrigation for crops uses around 70% of our developed freshwater resources, and of 
that 35%-45% is used for rice. There are four major ecosystems for growing rice, the most 
popular being irrigated rice, which is approximately 55% of the rice planted but produces ~75% 
of the worlds rice (Table 1; Khush, 1997). This is the most productive, and therefore the most 
popular, but as natural resources are being reallocated for other purposes we might have to begin 
relying more on rice grown in rainfed varieties. The rainfed lowland rice ecosystem covers large 
areas (about 35 million ha, Fig. 1) in South and Southeast Asia. The major problem with these 
environments is the unpredictability of the water supply, often going from severe drought to 
damaging floods in the same season (Kundzewicz, 2007). This uneven distribution of rainfall can 
have devastating effects on rice, which is especially sensitive to drought-induced yield loss due 
to its shallow rooting system (Kondo et al., 2000). Increasing rice production under rainfed, or 
deficit-irrigated conditions will require drought resistant varieties exhibiting anatomical and 
architectural root phenes contributing to drought avoidance.   
Drought resistance is a plants ability to survive a drought, and can be categorized into 
mechanisms for avoidance, tolerance and escape (Levitt, 1980). Drought tolerance is the ability 
to withstand water-deficit with low tissue water potential, using mechanisms such as osmotic 
adjustment (induces solute accumulation in the cell), decrease in cell size and desiccation 
tolerance. Drought avoidance is the plants ability to maintain relatively high water potential in its 
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tissues, despite a shortage of moisture in the soil. This involves maintaining turgor, which is 
achieved through development of deeper root systems. A deeper root system relates a plant’s 
ability to exploit water retained in the deep soil layers (Yoshida, Hasegawa, 1982). However, 
large root systems require from 20-47% of all plant photosynthate, and more when subjected to 
environmental stresses, so each unit of leaf area has more non-photosynthetic tissue to sustain 
(Lambers et al., 2002; Nielsen et al., 2001; Smucker, 1993).  
The plant phenotype can be partitioned into units or phenes, which represent the variation 
in form and function a specific plant may have. Anatomical root phenes can change the 
proportion of respiring to non-respiring root tissue, lowering the metabolic cost of soil 
exploration, tissue construction, and root maintenance (Jaramillo et al., 2013). These anatomical 
traits in cooperation with specific root architectural traits could allow the higher-yielding 
irrigated rice varieties to grow in a rainfed ecosystem, or even possibly aerobically without a 
decrease in yield. This will allow rice to be grown in regions that have become too arid, or were 
always too arid for rice growth. Furthermore, with lower irrigation requirements the freshwater 
resources would become more readily available for economic needs such as sanitation, especially 
in developing countries where it has been an issue.  
As rice has been extensively researched due to its economic importance, several genes 
have been described in the literature for improving physiological functions under drought-
induced stress. However, a stronger focus must be placed on understanding the relationship 
between these candidate genes and their effects on the root phenotypes exhibiting drought 
avoidance characteristics. Correlating the distinguishing characteristics with their gene 
expression patterns in sensitive and non-sensitive genotypes will show us the relationship 
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between the candidate gene functions and the root phenes that may be responsible for drought 
avoidance in rice. Our specific objectives were to: 
1. Conduct morpho-physiological analysis of contrasting drought sensitive and 
non-sensitive genotypes to identify distinguishing anatomical and architectural 
root phenes. 
2. Correlate the data with the gene expression patterns of candidate genes from 
pathways for drought response and plant growth. 
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LITERATURE REVIEW  
Population Growth and Freshwater Resources 
 The world’s population is increasing, and with it the demand for freshwater for 
everything from daily consumption to sanitation. By the year 2050 67% of the world’s > 9 
billion people are expected to live in an area where water is scarce (Wallace, 2000). These will 
be mostly in developing countries where the water quantity and quality is already too low to stop 
sickness from simple sanitation issues like diarrhea, which kills an estimated 2,200 children a 
day (Liu et al., 2012).  
 Climate change is a growing concern for freshwater resources and water quality, but as 
the changes due to climate are much smaller than the non-climate changes due to human 
activities such as irrigation or draining wetlands, it is hard to precisely predict the effects. 
However, one effect of the higher global temperatures is the increased water-holding capacity of 
the atmosphere. This favors increased variability, with more intense precipitation and an increase 
in frequency and duration of droughts (Kundzewicz et al., 2007). This will cause greater 
precipitation in some areas while decreasing in others. 
 The freshwater necessary to power the social and economic developments required for 
this level of population growth must come from agricultural irrigation, which uses ~70% of the 
worlds developed freshwater resources. Additionally, around 35-45% of that irrigation is used 
for rice production. The inefficiency of water use in agriculture is astounding; around the world, 
in irrigated and rainfed agriculture, only ~10-30% of the available water is utilized by the plant 
as transpiration. In certain semi-arid regions with low water resources and high populations it is 
~5% transpired by the plant. This leaves much room for improvement in both the ability of the 
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plant to efficiently use the water to create biomass, and the amount of water being made 
available to the plant for transpiration (Wallace, 2000).  
 Therefore, even if the irrigated rice systems could be improved enough to sustain this 
expansive population growth, there would still be challenges with freshwater limitations and the 
distribution of the excess rice to the regions with the less-improved rainfed lowland varieties.  
Rice Cultivation Throughout the World  
 As irrigating rice is the greatest single consumer of freshwater resources, it is logically 
the best place to look for improvements. Rice accounts for over 70% of the daily calories in 
several countries in Southern Asia, and around 40% in countries like India and China as they 
consume mostly wheat in their northern regions (Khush, 1997). Rice is also very important to 
Latin America, Africa, and the Middle East, which is the largest importer.   
 There are four major ecosystems recognized for growing rice (Fig. 2). As mentioned 
earlier, irrigated rice is the most popular, contributing ~75% of the earth’s production. Therefore, 
it is also the subject of a majority of ongoing research. But with modern cultivars being 
developed to increase yield, there is not a strong focus on root development. This is most likely 
due to the saturated, anaerobic environment where rice is grown; with a constant layer of water 
covering the soil surface there is less advantage of increasing the effective rooting depth, leaving 
the most developed, high-yielding cultivars with inadequate roots for rainfed, or deficit-irrigated 
conditions.  
 Irrigated rice production is further divided into areas supplemented with irrigation, and 
areas where irrigation is the primary source of water (Khush, 1997). While the focus is still on 
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yield, more recently there has been a greater emphasis placed on water conservation and 
developing water management practices.  
 Rainfed lowland rice inhabits very diverse regions (Fig. 1) with differences in amount of 
rainfall, duration of rainfall, duration of standing water, flooding frequency, time of flooding, 
soil type and topography (Khush, 1997). These growing conditions divide the regions into 
distinct categories. ‘Rainfed shallow favorable’ has adequate rainfall with the possibility of short 
periods of water stress. ‘Rainfed shallow drought prone’ has a shorter rainy season with mild to 
severe drought stress during the growing season. ‘Rainfed shallow submergence prone’ 
characterized by long rainy season and the rice may be submerged up to 10 days. And finally, 
‘rainfed medium deep’ where the water accumulates in deeper fields for 2-5 months due to 
impeded drainage (Khush, 1997).  
 Upland rice is planted under dry conditions like wheat or maize, and grown without 
saturating the soil. Many upland rice varieties avoid drought, utilizing deep roots and low 
sensitivity to photoperiod. Whereas, flood-prone rice is grown in river deltas in South and 
Southeast Asia in standing water of 50 cm to 3 m (Khush, 1997). 
Irrigation Techniques in Rice  
 The four different ecosystems for rice production each have their own irrigation system, 
or niche environment. Upland rice is grown in aerobic conditions, similar to soybeans or maize. 
As there is no standing water on the soil, upland rice suffers from drought and weed competition. 
Flood-prone rice is grown in river deltas where it floats upon the flooded paddy; however, 
flooding only occurs for a portion of the season. A small percentage of flood-prone rice is 
deepwater rice, which is grown in deeper water. Rainfed lowland rice is grown in bunded fields 
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where water can accumulate during the wet season and remain into the drier season. And finally, 
irrigated rice, which is bunded similarly to rainfed lowland rice, but the level of water is 
maintained with developed freshwater resources and relies less heavily on rainfall.  
 Both rainfed lowland and irrigated rice are in bunded fields, where mounds of earth 
surround the paddy. This barrier keeps the water in the paddy and impedes drainage, preserving 
the anaerobic soil conditions and water supply. Both ecosystems are also usually puddled 
beforehand, to break up the soil aggregates and allow root penetration. Although most rice is still 
grown traditionally, there has been an effort to distribute water saving practices among both 
commercial and subsistence farmers. China, with its increasing dependence on both irrigated rice 
and freshwater resources, is promoting water saving irrigation techniques utilizing alternate 
wetting and drying of the paddy soils (Loeve et al., 2003). This practice is efficient, when 
properly monitored, at lowering the water costs of rice without affecting the yield.  
 Furrowing is another irrigation technique practiced throughout the world. It begins with 
discing the fields, followed by a “hipper” that places the evenly spaced raised beds. When 
irrigated, the water flows between these raised beds in the furrows, filling them while allowing 
the tops of the beds to remain above water. This has many advantages including lower water 
costs, and ease of crop rotations.  
Physiology: Root to Shoot Gas Exchange, Hypoxic Soil, and Rhizosphere Conditions 
 Wetland plants, like rice, are grown in hypoxic soil under anaerobic conditions. But root 
tissue still needs oxygen for maintenance and growth. To compensate for this, rice develops 
aerenchyma in the roots and shoot to diffuse oxygen from the photosynthetic tissues into the 
roots where it is needed (Ando et al., 1983). This oxygen is also diffused into the rhizosphere 
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where it creates an aerobic environment that detoxifies the anaerobically produced compounds 
(Kumazawa, 1984). This diffusion of gases between the rhizosphere and plant takes place 
primarily at the root tip and through openings around lateral roots (Flessa &Fischer, 1992).  
 Additionally, this system of aerenchyma is an important outlet for the diffusion of 
important greenhouse gases between the soil and the atmosphere, as they move much faster 
through the vascular systems of a plant than the soil. The limiting step is a region of porous plant 
material separating the aerenchyma in the roots and in the shoot. The gases are then transported 
to the stomata or the special micro-pores where they are exchanged with the environment 
(Nouchi & Mariko, 1993). 
Yield Under Drought 
 Drought-induced loss in crop yield probably exceeds losses from all of the other stresses 
due to the severity and duration. Drought has also been responsible for the great famines and is 
the biggest threat to our food supply (Farooq et al., 2009). Rice is not the only crop facing water 
shortages; staple foods from across the world have been researched for their susceptibility to 
drought (Table 2).  
 In rice, as drought occurs, roots sense the lowered soil water content and send a chemical 
signal to the shoot via the xylem sap. Abscisic acid (ABA), pH, cytokinins, a precursor of 
ethylene, malate and other unidentified factors have been identified in root to shoot signaling 
under drought stress (Schachtman & Goodger, 2008). These chemical signals influence the water 
use efficiency of the plant by reducing transpiration and growth (Dry et al., 1999).  
 The effect of drought on yield depends on several variables including the growth stage of 
the plant when the stress is introduced. Rice is especially sensitive during the reproductive stage; 
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during this time even moderate stress can result in high levels of yield loss (Hsiao, 1982). In 
maize, drought stress treatments at the vegetative and reproductive stages resulted in 60% and 
90% yield loss respectively (Atteya, 2003). Venuprasad et al. (2007) also found severe yield loss 
(64%) in rice when selecting for reproductive stage drought tolerance in an F2 population from a 
cross between lowland and upland varieties. Water deficit inhibits photosynthesis, and the 
decrease in photosynthate flux to developing reproductive organs triggers ovary abortion as 
shown in maize (Boyer and Westgate, 2004), and also peduncle development and anthesis in rice 
(Ji et al., 2005). Additionally, Yang et al. (2001) found that drought during the grain-filling stage 
remobilized pre-stored carbon reserves and accelerated grain filling.  
The high-yielding irrigated cultivars are much more susceptible to these losses than the 
upland varieties due to environmental pressures and selection. As is, the irrigated cultivars are 
not adapted to withstand the unpredictability of the rainfed lowland or the upland ecosystems. 
One major distinction observed between irrigated and non-irrigated rice is their root systems. 
Drought avoidance allows several varieties to survive in the aerobic and rainfed ecosystems with 
deeper and larger root systems. The root phenes responsible for lowering the metabolic cost of 
this improved root system would undeniably benefit the high yielding irrigated cultivars, 
allowing them to grow in less than suitable regions. This can give the subsistence farmers 
increased yield, and alleviate them from the lower yielding varieties.   
Root Structure and Function 
To increase drought avoidance in rice, the anatomical characteristics of the resistant 
genotypes need to be examined and utilized for crop improvement. Specific phenes that may 
contribute to rooting depth include: total areas of the cross-section, stele, cortex, aerenchyma, 
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cortical cells, and xylem, the number of aerenchyma, xylem vessels, cortical-cell file number and 
the cortical cell size (Lynch, 2013; Uga et al., 2013). Additionally, the ratios of xylem to stele, 
stele to cortex, cortex to cross-section, stele to cross-section, cortical cell area to cortex, and 
aerenchyma to cortical cell area need to be evaluated for their potential role in improving plant 
productivity. These phenes may contribute to a lowered metabolic cost by reducing the cortical 
respiratory burden on the photosynthetic tissues (Lambers et al., 2002).  
 Root cortical aerenchyma (RCA) are the air channels in the leaves, stems, and roots of 
certain plants that allow them to exchange gases between the shoot and the root (Sculthorpe, 
1967). RCA is expressed either constitutively or due to abiotic stress. An enlarged RCA 
decreases the demand for oxygen by removing cells from the cortex, but it also removes gases 
from the soil and roots while supplying the root tip with oxygen to battle the hypoxic conditions 
of the soil (Evans, 2003). A caveat of increased RCA is a susceptibility to environmental 
pressures and cavitation.  
Plant cortical cell size is under genetic control, and varies greatly between genotypes 
(Sugimoto-Shirasu, Roberts, 2003; Sablowski, Dornelas, 2013). The volume of cell sizes are 
attributed to cytoplasmic growth, which is the increase in cytoplasmic area by accumulating 
more macromolecules and cellular organelles, cell expansion and enlargement of vacuoles (Taiz, 
1992). Large cortical cell size can reduce the metabolic costs of root growth and maintenance by 
increasing the vacuolar to cytoplasmic ratio (Lynch, 2013). The cortical cell file number (CCFN) 
has also been correlated with reduced metabolic costs of soil exploration. CCFN varies greatly in 
maize, and the genotypes with reduced CCFN have greater depth, acquisition of deep soil water, 
plant water status, leaf photosynthesis, growth, and yield (Lynch, 2014).  
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 The stele is the central compartment in a vascular plant consisting of the xylem and 
phloem. A larger proportion of the stele area to cross-section area represents a plants priority of 
retaining water in the vascular tissues. The xylem is responsible for water and nutrient transport 
from the root to the shoot. The number and size of the xylem vessels are associated with their 
conductivity of water; a larger xylem size is correlated with larger axial conductance and 
increased water uptake (Kondo et al., 2000; Fukai & Cooper, 1995).  
Root Ultrastructure 
While anatomical traits are responsible for decreasing the metabolic costs of a larger root 
system, architectural traits including root diameter, number of crown roots, lateral root density, 
root length and root angle may be the most significant factors in drought avoidance. A larger and 
deeper root system allows the plant to take advantage of deep soil water during times of lower 
rainfall or drought.  Root diameter is important for a greater growth potential and mechanical 
advantage in exploring hard soil (Pagès et al., 2010). The ability to penetrate harder soils could 
be important for rice growing in a compacted hard pan.   
Maximum length and root angle are the two most important phenes for deeper rooting. 
Root angles are steeper in upland rice allowing them to access water and nutrients deeper in the 
soil.  Lowland varieties are generally shallower with shorter roots due to the 5-10 cm of water 
they are continually flooded with. The ability to move the upland root phenes into the rainfed 
lowland varieties would allow for greater yield under unstable rainfall conditions.  
 The formation of lateral roots in rice during drought allow for a greater surface to 
volume ratio, increasing contact area with the shrinking water supply. Increased lateral root hair 
densities under optimal conditions provide natural advantages in drought avoidance. Upland rice 
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varieties have a greater number of lateral roots than the irrigated and rainfed cultivars. Crown 
roots are also associated with increased surface area and lodging resistance.  
Genes Identified with Root-Stress Interaction 
In research that focuses on drought avoidance, greater emphasis is being placed on the 
roots. A number of genes have been identified for root architecture and physiological function. 
These genes have been identified in an attempt to further improve rice varieties with functional 
marker-assisted selection.  
WOX11 is a WUSCHEL-related homeobox gene involved in the development of 
adventitious roots; it is expressed in the emerging crown roots and during cell division in regions 
of the root meristem (Zhao et al., 2009). WOX11 is one of the genes involved in the different 
growth stages of crown roots through regulating cytokinin signaling (Weiming & Cheng, 2014).  
The root-hairless 2 (rh2) mutant shows a complete lack of root hair. At the seedling 
level, it has shorter height and roots compared to wild type variety Oochikara. The rh2 mutant 
grew short root hairs when treated with 1-naphthaleneacetic acid (NAA) suggesting a shortage in 
endogenous auxin (Suzuki et al., 2003). 
Oryza sativa Root Architecture Associated 1 (OsRAA1) gene when overexpressed in rice, 
reduces growth of the primary root, increases number of adventitious roots, helixes the primary 
root, and delays the gravitropic response of roots in seedlings suggesting it functions in the 
development of root systems (Ge et al., 2004). 
OsWRKY31 is a transcription factor with a role in both biotic and abiotic stress. 
Transcription factor signaling cascades can activate a large number of genes, including 
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pathogenic infections and drought stress; frequently, plants with enhanced disease resistance are 
smaller in size. The overexpression of OsWRKY31 enhanced resistance against infection from M. 
grisea and exhibited reduced lateral root formation and elongation compared to wild type (Zhang 
et al., 2008). 
Of the 24 rice Aux/IAA homologous genes in rice, OsIAA3 was the first identified with 
an effect on lateral root development. Overexpression of OsIAA3 exhibits auxin insensitivity, 
abnormal shoot and root gravitropism, and defects in lateral root initiation (Nakamura et al., 
2006).  
OsEXPA17 and OsEXPA30 are genes associated with rice hair elongation, identified by 
mutants with short root hairs. These two genes were found to complement each other in RNA 
interference experiments, with OsEXPA30 restoring root hair elongation (Yu et al., 2011). 
OsDGL1 is a mutant isolated based on its short root phenotype; map based cloning 
showed the mutant was due to a point mutation in the intron of the OsDGL1 gene. This mutation 
resulted in premature termination of protein synthesis, exhibiting a change of matrix 
polysaccharides in the root cell wall, shorter root cell length, smaller root meristem, and cell 
death in the root (Qin et al., 2013) 
CRL2 is a mutant that exhibited 114% longer roots than the wild type, including 
significantly longer values of mature cortical cell length, apical meristem size, and cell flux 
(Inukai et al., 2001).  
DEEPER ROOTING 1 (DRO1) is a rice QTL involved in cell elongation. When 
overexpressed in the root tip DRO1 causes asymmetric root growth and downward bending of 
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the root with gravity, resulting in roots that grow in a more downward direction (Uga et al., 
2013).  
METHODS AND MATERIALS 
Plant Selection and Growth 
 Rice plants from various drought sensitive and resistant genotypes were selected for this 
study, including Nipponbare and IR-64 as subspecies japonica and indica controls respectively. 
Seeds (15-20) of each genotype were dehusked and sterilized with: 70% ethanol for 15 seconds, 
followed by two washes in sterilized water, 1% bleach for 20 min, and two additional washes in 
sterilized water. The seeds were then sown on sterile media (1/2 MS, 0.8% Phytagel) in petri 
dishes for germination. After 4 days in a dark growth chamber, the germinated seeds (~15) were 
transplanted into Magenta boxes containing the same media for continued growth.   
Measuring Architectural Traits 
 Five primary roots were used per genotype for measuring root length with a ruler. For 
root angle measurement five roots were submerged in water and photographed in a vertical 
position. These pictures were then used to measure the average angles of each sample and the 
primary root diameter with Photoshop CC 2014. The crown roots were counted for five plants 
per genotype and the lateral root densities were counted in a 2 cm section on the primary root of 
five plants per genotype. 
Microscopic Examination of Roots 
 Five roots from each genotype were fixed with 2% (v/v) glutaraldehyde and 2% (w/v) 
paraformaldehyde in 0.05 M sodium cocodylate buffer (pH 7.2), at 4°C overnight and washed 
	  15 
	  
with the same buffer three times for 5 min each. Samples were then post-fixed with 1% (v/v) 
osmium tetroxide in the same buffer at 4°C for 2 hours and washed with distilled water two 
times briefly. The post-fixed root samples were then en bloc stained with 0.5% (w/v) uranyl 
acetate at 4°C for 2 hours. They were dehydrated in a graded ethanol series of 30%, 50%, 70%, 
80, 95%, and then 100% 3 times for 10 min each. Dehydrated samples were then treated with 
propylene oxide as a transitional fluid two times for 30 min each before being cut into thin 
sections for microscopy as described previously (Jeong et al., 2009).  
The sections were placed on a wet slide and photographed under 10x magnification. This 
allowed us to measure the different anatomical traits using Photoshop CC 2014.  
Measuring Anatomical Traits 
 The five roots per genotype used for microscopy provided the details necessary to 
measure the anatomical traits. The pictures were taken with a Canon 6D digital camera with a 
resolution of 5472x3648 pixels. The formula for calculating the scale is: Actual Pixel Size (APS) 
= CCD Pixel (in this case 5472) x Binning (3)/ Lens Magnification (focal length/50) x C mount 
(1) x Objective Magnification (10). Multiple focal lengths were used during the experiment 
giving many different APS values. These were in nm and we expressed them in µm to make the 
calculations more representable. 
 By selecting the areas we wished to measure using Photoshop CC 2014 we were able to 
calculate the lengths and areas for the following anatomical traits: cross-section of root, area of 
stele, cortex, number and size of RCA, number and size of xylem tissue, and cortical cell size 
(CCS). With these numbers we calculated Cortex size (cross-sectional area – area of stele), and 
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cortical cell area (Cortex – RCA). The CCFN was measured by counting the rings of cells in the 
photographs and the CCS was an average of one cell from the three largest files in each image.  
 To further compare the genotypes, we made paired comparisons in size with simple 
calculations: xylem/stele, stele/cortex, cortex/cross-section, stele/cross-section, cortical cell 
area/cortex, and RCA/cortical cell area. 
Gene Expression Patterns 
 For RNA extraction, metal bead lysis of the plant tissue was used. To this lysate 1 ml of 
Trizol was added per 100 mg of tissue, vortexed and incubated at room temperature for 2-3 min. 
Then 0.2 ml chloroform was added for each 1 ml of Trizol reagent used. This homogenous 
solution was mixed by inverting for 15 seconds and incubated at room temperature for 2-3 min. 
The samples were then centrifuged for 15 min at 12,000 RPM and 4°C before transferring the 
supernatant to new Eppendorf tubes. Next, 0.5 ml isopropanol was added and incubated at room 
temperature for 10 min before centrifuging at 12,000 RPM and 4°C for 10 min. The supernatant 
was discarded, washed with 0.5 ml of 75% ethanol (centrifuged for 5 min at 7500 RPM, 4°C). 
The pellet was semi-dried and resuspended in 0.035 ml nuclease free water. cDNA synthesis was 
conducted using 2µg total DNAse-treated RNA using GoScript™ Reverse Transcription System 
(Promega). To characterize intrinsic gene expressions in the genotypes exhibiting drought 
responsive (tolerant/susceptible) traits, gene expression analysis was performed utilizing the 10 
candidate genes described above. The qRT-PCR experiments were conducted using GoTaq® 
qPCR Master Mix (Promega), gene-specific primers, and ubiquitin as standard with three 
biological replicates in a CFX-96 Bio-Rad thermocycler (Bio-Rad). Increasing temperature 
(0.5°C 10 s-1) from 55°C to 95°C was used for melt curve analysis. Un-transcribed RNA was 
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also run as negative control as described (Ambavaram & Pereira, 2011). The relative difference 
in expression for each sample in individual experiments was determined by normalizing the Ct 
value for each gene against the Ct value of ubiquitin and was calculated relative to the calibrator 
using the equation 2-ΔΔCt  (Livak & Schmittgen, 2001). The data from qPCR analysis was 
imported into the TM4 microarray software suite, normalized using GC-RMA algorithm to 
generate the heat map. The average of three biological replicates was used to obtain each 
expression value.  The intrinsic expression level for each gene was then correlated with 
phenotypic data from the root traits characterized to determine the genes responsible for the traits 
observed.   
RESULTS AND DISCUSSION 
Root Architectural Traits in 37 Diverse Rice Genotypes 
 Phenotypic data was classified under two distinct groups, architectural and anatomical. 
The architectural traits were measured in 37 different genotypes of drought sensitive and 
resistant rice (Table 3; Figure 3). Rice seedlings, germinated on wet Whatman filter paper in 
Petri-plates, were transferred to Magenta boxes partially filled with ½ MS media and maintained 
at day/night temperature of 28/220C, light intensity of 600 µmolm-2s-1 and relative humidity 
(RH) of 60 % for 7-10 days. In the same environment, the individual genotypes showed 
significant variations in all measured traits. This shows the great diversity, and genetic potential 
in rice for breeding drought resistant varieties.  
In comparison between genotypes, the genotype with highest number of crown roots had 
a mean value of 9 and the genotype with lowest had a mean of 2.6. The number of crown roots 
had a range of 6.4 between genotype means, with a population mean of 5.1 and a standard 
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deviation of 1.4. The range of root length was 46.7 cm, with a population mean of 37.8 cm and a 
standard deviation of 10.87 cm. The number of lateral roots showed a range of 64, with an 
overall mean of 43.4 and a standard deviation of 13.17. Additionally, the root diameter showed a 
range of 320 µm between genotypes, with a mean of 417.1 µm and a standard deviation of 77.79 
µm. 
Anatomical Traits in 37 Diverse Rice Genotypes 
 Similarly to the architectural traits, we observed high variation in anatomical phenes 
among the different genotypes, as well as between the different subspecies (Table 4; Figure 4). 
The ability of this study to encompass such a diverse collection of rice varieties gave us great 
opportunity to study correlations between genes, traits, genotypes, and subspecies. 
 For all 37 genotypes, the root cross-sectional area had a range of 195,393 µm2, with an 
average of 140,913.1 µm2 and a standard deviation of 50,036.72 µm2. It was surprising to see the 
range was greater than the average size, giving great variation for correlation analysis. The 
number of RCA had a range of 30, a mean of 18.6 and a standard deviation of 5.68. The area of 
RCA covered a range of 57,414 µm2, with a mean of 25,636.3 µm2 and a standard deviation of 
14,442.31 µm2. CCS covered a range of 654 µm2, with a mean of 486.4 µm2 and a standard 
deviation of 158.97 µm2. The number of xylem vessels showed a range of 15, with a mean of 
10.1 and a standard deviation of 3.49. The area of the cortex had a range of 183,229 µm2, with a 
mean of 129,661.9 µm2 and a standard deviation of 47,178.28 µm2. For the cortical cell area the 
range was 173,511 µm2, with a mean 104,025.6 µm2 and a standard deviation of 37,017.7 µm2. 
The CCFN had a range of 5, with mean 5.3 and a standard deviation of 1.35. Xylem area had a 
range of 3,378 µm2, with a mean of 1,585.8 µm2 and a standard deviation of 683.53 µm2. And 
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the stele area had a range of 16,387 µm2, with mean of 11,251.2 µm2 and a standard deviation of 
3,588.37 µm2. 
15 Diverse Genotypes Showing Strong and Distinct Architectural and Anatomical Traits 
 To identify patterns of gene regulation that would be characteristic of the diverse 
phenotypes observed we selected 15 genotypes out of the 37, which showed the strongest 
characteristic phenotypic values in all measured traits (Table 5). Although we narrowed the 
scope of the project, we maintained the diversity; the 15 selections represent the subspecies 
groups: indica, japonica, tropical japonica, temperate japonica, and other less common species 
and subspecies. In several architectural and anatomical traits the range in phenotypic values 
remained the same after removing 22 genotypes. The averages in both data sets are also very 
similar; however, the standard deviation was more strongly influenced by the fewer genotypes. 
 Before the selection of 15 was made, we found the intrinsic gene expression utilizing the 
qRT-PCR procedures with 10 aforementioned candidate genes (Table 6). There are significant 
variations in gene expression for each of the candidate genes with ranges from 0.0001 in RH2, to 
0.94 in OsWRKY31. Similar to the phenotypic data, the range, average, and standard deviation 
did not vary to a great degree when we decreased to 15 genotypes.  
Correlation Analysis of Intrinsic Gene Expression Data and Root Phenes 
 Using Excel, we ran correlation analyses between the intrinsic gene expression and 
phenotypic root phenes. In the complete set of 37 genotypes (Table 7) we found highly 
significant correlations (p<0.01) with two genes, OsRAA1and OsDGL1 for area of RCA, and 
root length respectively. We found significant correlations (p<0.05) for the following parameters, 
CRL2 for the number of crown roots, OsRAA1 for number of RCA, CCS and Cortical Cells/ 
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Cortex, RH2 for stele area, and OsDGL1 for root length, area of cross-section, area of RCA, and 
area of cortex. 
 Narrowing the analysis to 15 genotypes yielded very significant correlations (p<0.01) 
with several genes (Table 8): OsIAA3 for number of RCA, OsRAA1 for area of cross section, 
area of RCA, area of cortex, cortical cell area, CCFN, stele/cross-section, and diameter, WOX11 
for area of cross-section, area of RCA, and area of cortex, and OsDGL1 for root length, area of 
cross section, area of RCA, area of cortex, cortical cell area, CCFN, xylem area, stele area, and 
diameter. 
 There were also strong correlations (p<0.05): CRL2 for stele/cross-section, OsEXPA17 
for lateral roots, OsRAA1 for root length and cortical cell area/cortex, WOX11 for cortical cell 
area, CCFN, stele area, and diameter, RH2 for CCS, OsWRKY31 for area of RCA, and OsDGL1 
for number of RCA, CCS, and cortical cell area/cortex.  
Selecting for Xylem and Stele Traits 
 There was a noticeable absence of correlations for xylem and stele traits. To better 
understand this phenomenon we selected an additional 15 genotypes showing the strongest 
phenotypes for these traits (Table 9). While the majority of the original 15 genotypes were 
japonica subspecies, interestingly these consisted of mostly lowland subspecies.  
 OsIAA3 had a very significant correlation (p<0.01) with xylem: stele. OsEXPA17 
correlated strongly (p<0.05) with xylem: stele. OsRAA1 had significant correlations (p<0.01) 
with stele: cross section, as well as highly significant correlations (p<0.05) with number of 
xylem vessels. DRO1 had significant correlations with stele area (p<0.05). RH2 had significant 
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(p<0.05) and highly significant (p<0.01) correlations with xylem: stele, and stele area 
respectively. OsDG1 had significant correlation (p<0.01) with xylem area and stele area. 
Finding Correlations by Subspecies 
 After analyzing the diverse groups, we decided to focus on the subspecies to discern any 
correlations that might be present. We began with the indica varieties and noticed several strong 
correlations that were not present in the diverse group (Table 10). However, we also noticed 
there were a lot fewer significant correlations overall, but we are focusing on the new 
associations. Among the notable distinctions are significant correlations (p<0.01) between 
OsRAA1 and number of RCA, OsIAA3 and xylem area, and DRO1 with number of RCA.  
 The analysis of the japonica genotypes (Table 11) did not yield much significant 
information.  There was a new significant correlation (p<0.01) between RH2 and CCS, and a few 
strong correlations (p<0.05) that weren’t there in the diverse group. Overall, the japonica 
genotypes as a group did not reveal novel information, although splitting the data into tropical 
and temperate genotypes provided more significant changes. 
 The tropical japonica varieties (Table 12) had several correlations that weren’t in the 
other comparisons, including significant correlations (p<0.05) between: OsRAA1 with number of 
crown roots and lateral roots, and OsEXPA30 with CCS and diameter. The greatest differences 
were seen in OsEXPA30 that also included increased correlations (p<0.10) in area of cross 
sections, area of RCA, area of cortex, and stele area. 
 The temperate japonica varieties also showed some insight into subspecies gene 
expressions (Table 13). There were significant changes in some correlations (p<0.01) such as for 
OsWRKY31 with number of xylem vessels, and with stele area. There were also many new high 
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correlations (p<0.05) including: CRL2 with area of cross section, area of cortex, cortical cell 
area, and diameter; OsEXPA17 with area of cross section, root angle, and area of cortex; RH2 
with number of RCA; OsWRKY31 with diameter; and DRO1 with lateral roots and stele: cross 
section. Again, most of highly significant (p<0.01) correlations were missing at this level of 
detail.  
Trait-to-Trait and Gene-to-Gene Correlations 
 Several of these genes had previously been described in the literature for certain traits, 
but we find them correlate with multiple traits across the rice subspecies. For the final round of 
correlations we analyzed trait-to-trait (Table 14) and gene-to-gene (Table 15) comparisons. This 
provided another interesting insight into the relationships evaluated. The traits were all correlated 
to some degree (p<0.10) with the exception of a few. And notably, the majority of the 
correlations were highly significant (p<0.01) or significant (p<0.05). The genes did not show the 
same proportion of relationships as the traits, with relatively low correlations (p<0.10) including: 
DRO1 to CRL2, OsIAA3, and rh2, OsDGL1 to OsWRKY31, rh2 to OsEXPA17, OsEXPA30, and 
WOX11, and OsRAA1 to OsIAA3.  
CONCLUSION 
 With freshwater resources being exhausted, rice breeders must focus strongly on drought 
resistance; using molecular breeding techniques for the analysis and selection of highly complex 
quantitative traits. Characterizing genes for selection traits are very important steps in acquiring 
this knowledge, but a better understanding of the additive effects of these genes is required for 
successful integration into a breeding program. This correlation analysis between highly diverse 
rice genotypes exhibiting varying levels of drought susceptibility, gives us a broader 
	  23 
	  
understanding of drought resistance in rice, and provides us with tools to improve the world’s 
most popular staple food.  
 After narrowing the selection to 15 genotypes strong associations were found between 
genes with multiple traits (Table 8). These relationships were expected, due to the nature of 
polygenic traits. Table 14 shows the strong correlation between the different architectural and 
anatomical traits, so significance between two or more traits is not rare. Figure 5 summarizes the 
gene networks controlling root development in rice with arrows representing the positive 
regulatory action of one element to another (hormone – genes – process – phenotype). Studying 
this along with correlation data gives an insight into the complex nature of gene interactions in 
root development.  
OsDGL1 was found responsible for a leaky rice mutant isolated for it’s short root 
phenotype, with a disrupted matrix polysaccharide in the cell walls making it weaker (Qin et al., 
2012). In our results, OsDGL1 gene expression had very significant correlations (p<0.01) with 
root length, cross section area, RCA area, cortex area, cortical cell area, CCFN, xylem area, stele 
area, and diameter. The gene also correlated strongly (p<0.05) with number of RCA, cortical 
cell: cortex, and CCS. However, it was particularly interesting to see that OsDGL1 had only a 
single correlation in the indica genotypes (Table 10) with xylem area (p<0.05). But in Table 11, 
the strong correlations were evident in the japonica genotypes, even though the expression levels 
were significantly higher in indica germplasm. A closer examination of Table 7 shows that the 
indica genotypes, known for drought resistance performance have higher levels of OsDGL1 by 
comparison, and are the set of genotypes selected among the 15 with strong phenotypes. 
Additionally, across the board there were no significant correlations with root angle, a trait found 
expressed for drought avoidance. Analyzing this, it would be safe to assume that OsDGL1 is 
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expressed in strong root systems, while not playing a role in root angle or depth. However, the 
strong mechanical traits related with OsDGL1 possibly allow for the japonica genotypes to 
explore deeper soils, explaining the high correlations. 
WOX11 expression is involved in root growth, at the crown roots and in the meristem 
(Zhao et al., 2009). In our experiment WOX11 showed significant correlations (p<0.01) with 
cross section area, RCA area, cortex area, and less significantly (p<0.05) with cortical cell area, 
CCFN, stele area, diameter, and root length (Table 7). When separated into subspecies, there are 
little or no significant correlations with WOX11 in japonica genotypes. But among indica, there 
is a strong correlation (p<0.05) with cross-section area, xylem: stele, cortex area and stele area.  
Expression of OsEXPA17 shows a relationship with cell division and root elongation, and 
OsEXPA30 was found to restore the loss of function with OsEXPA17 (Yu et al., 2006) but we 
found no correlations between the two (Table 15). In the 15 diverse genotypes (Table 8) we 
found only one correlation with OsEXPA17 for lateral roots, and none for OsEXPA30. However, 
in another example of genes influencing certain subspecies temperate japonica (Table 13) 
OsEXPA17 had 3 significant correlations (p<0.05) with cross section, root angle, and area of 
cortex, where OsEXPA30 had none and in tropical japonica (Table 12) OsEXPA30 had 
significant correlations (p<0.05) with CCS and diameter and OsEXPA17 had none. 
OsEXPA17 did show an association (p<0.05) with RH2 (Table 15), a gene responsible 
for root hair expression. RH2 had significant correlation (p<0.01) to stele area (Table 9), and 
CCS (Table 11) with a strong correlation (p<0.05) to xylem: stele, stele: cross-section, and 
number of RCA. In another example of genes influencing certain subspecies, the only 
correlations in indica varieties (p<0.05) were number of RCA, and number of xylem vessels, 
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two correlations not present in the japonica varieties. Additionally, there was only one gene 
expression found significant amongst tropical japonica, perhaps due to the diversity within the 
subspecies. So one gene can perhaps have three different key roles in root development between 
subspecies. 
 In Table 15, RH2 also correlated with DRO1 (DEEPER ROOTING), which causes roots 
to grow in a downward direction when overexpressed in the root tip (Uga et al., 2013). In indica 
genotypes, DRO1 had highly significant correlations in number of RCA (p<0.01). In temperate 
japonica there were associations (p<0.05) in lateral roots and stele: cross section. Interestingly, 
DRO1 showed an association (p<0.05) with CRL2 (Table 15), a gene controlling 114% longer 
roots than the wild type (Inukai et al., 2001). Our results show CRL2 associated with stele: cross 
section (p<0.05) in the diverse group of 15 genotypes (Table 8). But when separated into 
subspecies, indica varieties showed strong correlations (p<0.05) in temperate japonica for cross 
section area, cortex area, cortical cell area, and diameter (Table 13). 
 OsRAA1, when overexpressed, exhibits a shorter primary root, increases number of 
adventitious roots, helixes the primary root, and delays the gravitropic response in seedling roots 
(Ge et al., 2004). In our results, there were significant correlations (p<0.01) with cross-section 
area, RCA area, cortex area, cortical cell area, CCFN, stele/cross-section, and diameter (Table 8). 
It also showed strong correlations (p<0.05) with root length and cortical-cell/cortex (Table 8). In 
temperate japonica (Table 13) there were no association, but in tropical japonica (Table 12) 
there were strong associations (p<0.05) with number of crown roots, and lateral roots that did 
not show up in the diverse set (Table 8).  
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OsIAA3, which exhibits abnormal shoot and root gravitropism and defects in the lateral 
root initiation (Nakamura et al., 2006), had highly significant correlation (p<0.01) with number 
of RCA (Table 8). In indica varieties, there was highly significant correlation (p<0.01) with 
xylem area, and strong correlation (p<0.05) with number of RCA (Table 10).  
 OsWRKY31 is a transcription factor that increases resistance to disease with reduced 
lateral root formation and elongation (Zhang et al., 2008). In our experiment it had the strongest 
correlations in temperate japonica (Table 13) with high significance (p<0.01) in number of 
xylem, stele area, and strong correlations (p<0.05) in number of crown roots, cross-section area, 
cortex area, cortical cell area, and diameter. For tropical japonica and indica varieties, there were 
no correlations. 
 Quantitative traits are rarely as easy as stacking additive effects of genes. Epigenetics 
plays a large role in this, especially when dealing with transcription factors. The diversity 
between rice subspecies is probably due to gene interactions including modifying action, 
duplicate action, complementary action, or inhibiting action. In Table 8, the genes OsRAA1, 
WOX11, and OsDGL1 have effects across the diverse genotypes, while many of the others show 
the strongest correlations when broken down to subspecies. This can be significant in making 
choices for selecting genes in a breeding program. 
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Table 1. Rice production, area, and productivity, 1995 (Khush, 1997). 
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Table 2. Economic yield reduction by drought stress in representative field crops (Farooq, 2009). 
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Table 3. Architectural traits in 37 diverse rice genotypes. 
 # Crown Roots Root Length Lateral Roots Root Angle Diameter 
IR64  5.2 24.5 57.2 38 365 
Nip  4 37.3 40.5 59 336 
Vandana 5.4 52.2 68 57 454 
N22 4.2 47.5 46.3 73 441 
Bengal 3.5 64.7 46 71 546 
301066 4.7 42.7 25.3 45.7 565 
301408 3.2 70.7 26 66 470 
310399 3.7 38.4 38 44 385 
310415 5.4 30 56.7 39 444 
310420 4.8 41 44.8 55 422 
310428 3 48.3 49.7 65 441 
310471 5.4 41.7 38 70 439 
310475 5.7 35.7 55.3 76 382 
310503 5 28.5 82 74 374 
310598 4.2 27 52 31 469 
310632 6.8 37 49.8 56 281 
310703 5.8 24.7 45.3 58 497 
310723 4 45.7 49.6 64 536 
310901 4.6 38.2 18 79 381 
310906 5 26.5 49.5 60 329 
310932 5.4 49.5 49.6 73 407 
310958 4 31.2 51.2 54 417 
310965 9 33.3 46.5 68 267 
310984 7.2 27.5 49.4 47.8 361 
311113 6 33.7 56.7 48 424 
311151 4.2 38.4 44.6 73 375 
311153 5.8 24 25.7 56 337 
311491 6 29.5 41 60.8 477 
311572 4.2 42.4 27.4 75 420 
311600 9 25.3 22 30 353 
311603 4.6 27.2 33.5 67.7 342 
311606 5.5 43.5 30 71 587 
311635 4.7 44.6 38.5 59 427 
311643 6.4 41.7 24 73 498 
311667 4.2 44.8 43.2 73 521 
311688 5.7 26.5 40 69 339 
311734 2.6 32.2 45.8 71 323 
Values are means per genotype 
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Table 4. Anatomical traits in 37 diverse rice genotypes. 
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IR64 108886 12 7571 451 12 0.22 100953 93382 0.93 8 0.07 1769 7933 
Nip 99210 12 7239 226 10 0.12 92468 85229 0.92 9 0.07 834 6742 
Vandanaa 157499 31 35236 412 13 0.16 146924 111688 0.76 10 0.07 1719 10575 
N22 159472 24 32443 551 7 0.15 145423 112980 0.78 9 0.09 2088 14049 
Bengal 246579 23 57761 482.2 9 0.12 231162 173401 0.75 11 0.06 1908 15417 
301066 243980 24 45439 571.7 21 0.19 222230 176791 0.80 11 0.09 4056 21750 
301408 179640 20 51117 816 7 0.13 163283 112166 0.69 10 0.09 2196 16357 
310399 119173 14 15584 482 7 0.14 108944 93360 0.86 9 0.09 1432 10229 
310415 159106 24 42088 436 8 0.11 149241 107153 0.72 10 0.06 1057 9865 
310420 149184 27 37552 336 11 0.11 138769 101217 0.73 11 0.07 1143 10415 
310428 142925 22 34029 744.7 11 0.18 129238 95209 0.74 8 0.10 2399 13687 
310471 144410 17 13537 450.7 13 0.17 133566 120029 0.90 9 0.08 1805 10844 
310475 113129 14 15377 628 7 0.14 104571 89194 0.85 8 0.08 1176 8558 
310503 117085 18 15789 360.1 10 0.12 108422 92633 0.85 8 0.07 1057 8663 
310598 167609 15 36321 511 7 0.15 154845 118524 0.77 10 0.08 1873 12764 
310632 66908 18 10967 382.3 18 0.16 60712 49745 0.82 9 0.09 967 6196 
310703 194839 27 37404 720.3 12 0.17 177425 140021 0.79 9 0.09 3007 17414 
310723 210137 22 41769 880 12 0.12 195116 153347 0.79 9 0.07 1737 15021 
310901 115072 15 16206 278 7 0.13 106276 90070 0.85 11 0.08 1159 8796 
310906 90211 1 347 401 8 0.07 81040 80693 1.00 8 0.10 678 9171 
310932 132085 23 17389 362 11 0.14 121584 104195 0.86 9 0.08 1441 10501 
310958 134497 24 37052 451 6 0.13 125035 87983 0.70 11 0.07 1258 9462 
310965 60368 11 13731 403 13 0.25 55005 41274 0.75 8 0.09 1340 5363 
310984 99318 19 22181 502 9 0.15 90219 68038 0.75 7 0.09 1348 9099 
311113 138771 13 24163 231 7 0.09 124801 100638 0.81 10 0.10 1226 13970 
311151 110022 22 23161 393 9 0.16 99419 76258 0.77 9 0.10 1686 10603 
311153 88107 13 8648 421 10 0.17 82306 73658 0.89 10 0.07 989 5801 
311491 179040 21 41426 532.7 6 0.13 169088 127662 0.76 11 0.06 1298 9952 
311572 127351 18 20540 423 14 0.18 113368 92828 0.82 8 0.11 2522 13983 
311600 99167 15 10285 447 9 0.10 89739 79454 0.89 7 0.10 901 9428 
311603 93235 22 19479 409 8 0.10 83110 63631 0.77 8 0.11 1013 10125 
311606 255761 19 23449 702 9 0.10 238234 214785 0.90 12 0.07 1692 17527 
311635 144049 18 30274 611 7 0.11 133065 102791 0.77 11 0.08 1254 10984 
311643 180243 13 20491 621.7 7 0.12 167067 146576 0.88 9 0.07 1617 13176 
311667 215161 19 52996 732 11 0.11 203722 150726 0.74 11 0.05 1258 11439 
311688 89478 23 16598 301 18 0.21 76387 59789 0.78 8 0.15 2690 13091 
311734 82079 17 12905 334 11 0.15 74734 61829 0.83 7 0.09 1080 7345 
Values are means per genotype 
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Table 5. 15 diverse genotypes showing strong architectural and anatomical traits 
 # 
C
ro
w
n 
R
oo
ts
 
R
oo
t L
en
gt
h 
 L
at
er
al
 R
oo
ts
 
A
re
a 
of
 C
ro
ss
 S
ec
tio
n 
# 
of
 R
C
A
 
A
re
a 
of
 R
C
A
 
C
C
S 
 R
oo
t A
ng
le
 
# 
of
 X
yl
em
 V
es
se
ls
 
X
yl
em
: S
te
le
  
A
re
a 
of
 C
or
te
x 
C
or
tic
al
 C
el
l A
re
a 
C
or
tic
al
 C
el
l: 
C
or
te
x 
C
C
FN
 
St
el
e:
 C
ro
ss
 S
ec
tio
n 
X
yl
em
 A
re
a 
St
el
e 
A
re
a 
D
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Nipponbare 4.0 37.3 40.5 9921
0 
12 7239 226 59 10 0.12 9246
8 
8522
9 
0.92 9 0.07 834 6742 336 
Vandana 5.4 52.2 68 1574
99 
31 3523
6 
412 57 13 0.16 1469
24 
1116
88 
0.76 10 0.07 1719 1057
5 
454 
N22 4.2 47.5 46.3 15 4
72 
24 3244
3 
551 73 7 0.15 145
23 
1129
80 
0.78 9 0.09 2088 1404
9 
441 
Bengal 3.5 64.7 46 2465
79 
23 5776
1 
482 71 9 0.12 2311
62 
1734
01 
0.75 11 0.06 1908 1541
7 
546 
301408 3.2 70.7 26 1796
40 
20 511
7 
816 66 7 0.13 163
83 
112
66 
0.69 10 0.09 2196 1635
7 
470 
310471 5.4 41.8 38 14 4
10 
17 1353
7 
451 70 13 0.17 1335
66 
1200
29 
0.90 9 0.08 1805 1084
4 
439 
310475 5.7 35.7 55.3 1131
29 
14 153
7 
628 76 7 0.14 1045
71 
891
4 
0.85 8 0.08 1176 8558 382 
310632 6.8 37.0 49.8 6690
8 
18 1096
7 
382 56 18 0.16 60
2 
497
5 
0.82 9 0.09 967 6196 281 
310906 5.0 26.5 49.5 9021
1 
1 34  401 60 8 0.07 8104
0 
8069
3 
1.00 8 0.10 678 9171 329 
310932 5.4 49.5 49.6 1320
85 
23 1738
9 
362 73 11 0.14 1215
84 
1041
95 
0.86 9 0.08 1441 1050
1 
407 
310965 9.0 33.3 46.5 6036
8 
11 1373
1 
403 68 13 0.25 5500
5 
4127
4 
0.75 8 0.09 1340 5363 267 
311151 4.3 38.4 44.6 1100
22 
22 2316
1 
393 73 9 0.16 9941
9 
7625
8 
0.77 9 0.10 1686 1060
3 
375 
311600 9.0 25.3 22 9916
7 
15 1028
5 
447 30 9 0.10 8973
9 
7945
4 
0.89 7 0.10 901 9428 353 
311603 4.6 27.2 33.5 9323
5 
22 1947
9 
409 67 8 0.10 8311
0 
6363
1 
0.77 8 0.11 1013 1012
5 
342 
311667 4.2 44.8 43.2 2151
61 
19 529
6 
732 73 11 0.11 2037
22 
1507
26 
0.74 11 0.05 1258 1143
9 
521 
Values are means per genotype 
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Table 6. Intrinsic gene expression profile in 37 diverse rice genotypes 
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sD
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1 
IR64 0.0126 0.0657 0.0288 0.1821 0.0041 0.0016 0.0007 0.5957 0.0025 0.3512 
Nip  0.1137 0.0050 0.0054 0.1501 0.1517 0.0016 0.0660 0.2234 0.3113 0.0533 
Vandana 0.0694 0.1029 0.1184 0.3335 0.0005 0.0031 0.0161 0.3018 0.0827 0.2481 
N22 0.0345 0.1060 0.0002 0.1346 0.0002 0.0033   0.5200 0.0073 0.4063 
Bengal 0.0437 0.0356 0.0001 0.3066   0.0208   0.9427 0.0046 0.4847 
301066 0.0136 0.0693 0.0000 0.0526 0.0010 0.0013   0.1317 0.0097 0.1338 
301408 0.0275 0.0087 0.0004 0.2260 0.0001 0.0085   0.4516 0.0023 0.3476 
310399 0.0296 0.0768 0.0002 0.2276 0.0017 0.0023 0.0023 0.1916 0.0099 0.2920 
310415 0.0127 0.0155 0.0020 0.1802 0.0001 0.0023 0.0001 0.1001 0.0036 0.0818 
310420 0.0500 0.0500 0.0025 0.2074 0.0052 0.0084 0.0303 0.2773 0.0439 0.0778 
310428 0.5297 0.2775 0.0449 0.4485 0.0109 0.0838   0.5964 0.6489   
310471 0.0186 0.0367 0.0001 0.0405 0.0003 0.0010 0.0001 0.1278 0.0021 0.1402 
310475 0.0059 0.0078 0.0001 0.0370   0.0011 0.0001 0.1403 0.0007 0.0960 
310503 0.1608 0.0639 0.0000 0.1051 0.0088 0.0056 0.0002 0.3390 0.1442 0.0933 
310598 0.4592 0.0101 0.0597 0.1260 0.0159 0.0134 0.0002 0.1681 0.0964 0.0387 
310632 0.0209 0.0369 0.0027 0.0613 0.0025 0.0012   0.5453 0.0024 0.0786 
310703 0.0449 0.0480 0.0002 0.3651 0.0012 0.0070 0.0005 0.4214 0.0015 0.2430 
310723 0.0111 0.0556 0.0002 0.1586 0.0004 0.0026 0.0005 0.2480 0.0049 0.0603 
310901 0.0148 0.0023 0.0003 0.0134 0.0001 0.0009 0.0010 0.8674 0.0007 0.3378 
310906 0.0049 0.0248 0.0003 0.0342 0.0006 0.0038 0.0003 0.2497 0.0037 0.0605 
310932 0.0091 0.0648 0.0002 0.0399 0.0001 0.0009 0.0002 0.1639 0.0039 0.1089 
310958 0.0122 0.0520 0.0002 0.0435 0.0004 0.0017 0.0015 0.0567 0.0034 0.1776 
310965 0.0093 0.0242 0.0009 0.0567 0.0012 0.0074 0.0003 0.4244 0.0023 0.0849 
310984 0.0138 0.0326 0.0074 0.2080 0.0552 0.0056 0.0002 0.2708 0.0015 0.1942 
311113 0.0447 0.0346 0.0017 0.0237 0.0011   0.0008 0.4326 0.0092 0.2208 
311151 0.0070 0.0432 0.0001 0.0201 0.0001 0.0012 0.0000 0.2092 0.0016 0.1416 
311153 0.0051 0.1713 0.3945 0.3288 0.0005 0.5072 0.0693 0.5612 0.2655 0.0640 
311491 0.0134 0.0447 0.0002 0.1997 0.0006 0.0007 0.0003 0.0798 0.0051 0.2093 
311572 0.1161 0.0762 0.0033 0.1706 0.0246 0.0104 0.0095 0.3073 0.0824 0.0694 
311600 0.0083 0.0255 0.0004 0.0765 0.0001 0.0029 0.0001 0.3568 0.0018 0.1212 
311603 0.0138 0.0755 0.0035 0.1019 0.0056 0.0066 0.0019 0.3312 0.0286 0.0961 
311606 0.0039 0.0638 0.0002 0.0433 0.0003 0.0067 0.0039 0.3287 0.0023 0.2184 
311635 0.0158 0.0126 0.0004 0.0968 0.0010 0.0033 0.0008 0.1359 0.0194 0.1456 
311643 0.0114 0.0257 0.0000 0.0155 0.0001 0.0009   0.1194 0.0014 0.1418 
311667 0.0481 0.0616 0.0001 0.3493 0.0002 0.0080 0.0000 0.2515 0.0057 0.2739 
311688 0.0123 0.0741 0.0000 0.0263 0.0004 0.0038 0.0003 0.3947 0.0069 0.2210 
311734 0.0412 0.0853 0.0003 0.1465 0.0003 0.0012 0.0044 0.3108 0.0131 0.2391 
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Table 7. Correlation analysis for 37 diverse rice genotypes. 
 C
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O
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Crown Roots **0.3285 *0.2770 0.0561 *0.2988 0.0845 0.0411 0.1067 0.0646 *0.2768 *0.3033 
Root Length 0.0433 0.0612 0.1663 0.2229 0.0619 0.1742 0.0111 0.2104 0.0467 ***0.4355 
Lateral Roots 0.2394 0.0680 0.0910 0.1361 0.0138 0.2094 0.2150 0.1034 0.0891 0.0696 
Cross Section 0.0569 0.0143 0.1568 0.2617 0.1949 0.1584 0.1927 0.0479 0.1190 **0.3404 
# of RCA 0.0317 0.2496 0.0754 **0.3465 0.1923 0.1528 0.1010 0.0343 0.0166 0.2263 
Area of RCA 0.1530 0.0218 0.1489 0.4533 0.2258 0.1597 0.2282 0.0058 0.0649 **0.3630 
CCS 0.1418 0.1658 0.0657 **0.3798 0.2595 0.0286 *0.2940 0.1044 0.0492 0.1627 
Root Angle 0.1499 0.0973 0.1487 0.1144 0.0738 0.0584 0.0500 0.1779 0.0099 0.1602 
# of Xylem 
Vessels 
0.0330 0.2162 0.0233 0.0120 0.0131 0.0080 0.0923 0.0837 0.0452 0.1741 
Xylem: Stele  0.1141 *0.2866 0.1950 0.1292 0.0368 0.1472 0.0328 0.1963 0.1399 0.0877 
Cort x Area 0.0511 0.0218 0.1472 0.2691 0.1897 0.1515 0.1779 0.0509 0.1200 **0.3388 
Cortical Cell 
Area 
0.0055 0.0363 0.1296 0.1661 0.1514 0.1308 0.1346 0.0626 0.1276 *0.2911 
Cortical Cell: 
Cortex 
0.1822 0.0773 0.1475 **0.3352 0.1973 0.1596 0.2501 0.0168 0.0148 0.2006 
CCFN 0.0913 0.1404 0.0927 0.0746 0.1697 0.0784 0.1415 0.0059 0.1337 0.2314 
Stele: Cross 
Section 
0.0341 0.1279 0.1920 *0.2858 0.0730 0.135 0.2434 0.1145 0.0101 0.0796 
Xylem Area 0.1922 0.2575 0.1028 0.1762 0.1568 0.1096 0.2499 0.0614 0.0493 0.2557 
tele Area 0.1202 0.0880 0.2501 0.1112 0.2197 0.2189 **0.3551 0.0017 0.0818 *0.2947 
Diameter 0.1019 0.0278 0.1379 0.2542 0.2096 0.1490 0.2171 0.1069 0.0858 *0.3020 
*	  (p<0.10)	  **	  (p<0.05)	  ***	  (p<0.01)	  	  
 
Table 8. Correlation analysis for 15 diverse rice genotypes. 
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1 
# Crown Roots 0.3913 0.1555 0.0114 0.4308 0.2330 0.2875 0.3210 0.1041 0.2183 *0.5099 
Root Length 0.2919 0.1189 0.1953 **0.6248 0.1017 *0.5127 0.1128 *0.4543 0.0652 ***0.7940 
 Lateral Roots 0.1665 0.3804 **0.5843 0.1387 0.0649 0.1315 0.0360 0.0672 0.0496 0.0149 
Cross Section 0.2963 0.2508 0.1154 ***0.7774 0.1772 ***0.6425 0.0972 0.4031 0.1346 ***0.8709 
# of RCA 0.2043 ***0.6894 *0.5002 *0.4887 0.2464 0.1498 0.0651 0.2355 0.0916 **0.5476 
Area of RCA 0.2371 0.2770 0.1550 ***0.8275 0.2822 ***0.7063 0.1824 **0.5217 0.2101 ***0.8879 
CCS 0.1944 0.0377 0.1389 0.4130 *0.4579 0.3073 **0.5568 0.1163 *0.4806 **0.5507 
 Root Angle 0.0763 0.1677 0.1988 0.0424 0.1130 0.1711 0.1756 0.0579 0.1744 0.2632 
# of Xylem Vessels 0.1008 0.0794 0.2647 0.0181 0.0478 0.2037 0.0672 0.0318 0.0274 0.2963 
Xylem: Stele  0.0563 0.0374 0.1575 0.1344 0.1138 0.0709 0.0000 0.0505 0.0833 0.0343 
Area of Cortex 0.3103 0.2472 0.1216 ***0.7854 0.1625 ***0.6425 0.0810 0.3986 0.1227 ***0.8615 
Cortical Cell Area 0.3223 0.2123 0.0950 ***0.7012 0.0794 **0.55895 0.0218 0.3047 0.0688 ***0.7791 
Cortical Cell: Cortex 0.0265 0.3225 0.1721 **0.5412 0.3517 *0.4877 0.2579 *0.4429 0.2835 **0.6086 
CCFN *0.4825 0.2410 0.2361 ***0.8047 0.0112 **0.5410 0.1659 0.3838 0.0524 ***0.7075 
Stele: Cross Section **0.6090 0.0548 0.2723 ***0.6587 0.3111 0.2803 0.3458 0.0601 0.3004 0.3884 
Xylem Area 0.0225 0.3233 0.1581 0.3607 0.3474 0.3269 0.2811 0.3296 0.2893 ***0.7757 
Stele Area 0.0160 0.2647 0.0055 *0.5085 0.3483 **0.5266 0.4191 0.4022 0.3032 ***0.8648 
Diameter 0.2584 0.3001 0.1704 ***0.7332 0.2120 **0.5286 0.1455 0.2738 0.1560 ***0.8291 
*	  (p<0.10)	  **	  (p<0.05)	  ***	  (p<0.01)	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Table 9. Correlation analysis for stele and xylem traits. 
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G
L
1 
# of Xylem Vessels *0.4892 0.4124 0.3546 **0.5538 0.1784 0.1689 0.3478 0.087 0.3792 0.0434 
Xylem: Stele  0.2279 ***0.6801 **0.5930 0.6587 0.0097 *0.4912 **0.5592 0.2435 0.4181 0.3045 
Stele: Cross Section 0.2648 0.0963 0.2466 ***0.7550 0.1765 0.1919 0.3005 0.081 0.2771 0.1415 
Xylem Area 0.128 0.082 0.1138 0.4005 0.2781 0.1711 0.2209 *0.4948 0.3091 ***0.8816 
Stele Area 0.0222 0.309 *0.4435 0.0346 0.3654 0.4191 ***0.7072 *0.4517 **0.5982 ***0.7905 
           *	  (p<0.10)	  **	  (p<0.05)	  ***	  (p<0.01)	  
 
Table 10. Correlation analysis for Indica varieties. 
 C
R
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W
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X
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G
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1 
# Crown Roots 0.2548 0.3498 0.0799 0.1522 0.1723 0.0730 0.1485 0.1121 0.0930 0.4419 
Root Length 0.2670 *0.5110 *0.5002 0.1568 0.0334 0.3240 0.3430 0.1064 *0.5047 0.2262 
 Lateral Roots *0.4940 0.3137 *0.5238 *0.4772 0.0788 0.1007 0.1796 0.4585 0.4640 0.3326 
Cross Section 0.1564 0.1937 0.0889 0.1624 0.1764 **0.5661 0.0691 0.2705 0.0850 0.1839 
# of RCA *0.4796 **0.5817 **0.6099 ***0.8230 0.2025 0.4266 **0.6492 0.2669 ***0.7080 0.0290 
Area of RCA 0.2435 0.1234 0.2526 ***0.6924 0.1285 0.3856 0.3595 0.4381 0.3973 0.0110 
CCS *0.4886 0.0097 0.0835 0.0089 0.2336 0.2099 0.2249 0.4320 0.1590 0.0239 
 Root Angle 0.3071 0.1557 0.1705 0.4033 0.3332 0.2180 0.2083 0.3287 0.2676 0.4475 
# of Xylem Vessels 0.3087 0.3011 0.3371 0.1820 0.3862 0.0373 **0.6262 0.1619 0.3213 0.3594 
Xylem: Stele  0.2363 0.4327 0.4357 0.3218 0.1548 **0.5682 0.0768 0.1794 0.2663 0.2071 
Area of Cortex 0.1639 0.1851 0.0952 0.1794 0.1735 **0.5599 0.0734 0.2844 0.0904 0.1695 
Cortical Cell Area 0.2554 0.1751 0.0362 0.0067 0.2305 *0.5260 0.0214 0.1983 0.0104 0.1893 
Cortical Cell: Cortex 0.4549 0.0398 0.2410 ***0.7288 0.3576 0.1677 0.4194 0.3138 0.4503 0.1392 
CCFN 0.1358 0.2472 0.0358 0.0551 0.1738 *0.5262 0.1891 0.0589 0.1250 0.0478 
Stele: Cross Section 0.2302 0.1184 0.2239 *0.4981 0.0474 0.2195 0.1716 *0.4764 0.2247 0.1857 
Xylem Area 0.1918 ***0.6990 0.3481 0.2175 0.3547 0.2650 0.1196 0.0727 0.2500 **0.6333 
Stele Area 0.0214 0.2880 0.0167 0.1125 0.1889 **0.6042 0.0086 0.0229 0.0074 0.3646 
Diameter 0.1320 0.1770 0.1323 0.1703 0.2232 *0.5249 0.0392 0.2914 0.1172 0.2051 
*	  (p<0.10)	  **	  (p<0.05)	  ***	  (p<0.01)	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Table 11. Correlation analysis for Japonica varieties. 
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W
O
X
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D
R
O
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O
sD
G
L
1 
# Crown Roots 0.4374 0.3212 0.3183 *0.4850 0.1602 0.3946 0.3733 0.2332 0.4338 0.3440 
Root Length 0.0420 0.1494 0.1280 *0.5240 0.1047 0.2865 *0.5356 **0.5976 0.0756 ***0.8462 
 Lateral Roots 0.3746 0.1975 0.2306 0.1646 0.0744 0.1894 0.1896 0.1571 0.2701 0.1951 
Cross Section 0.0769 0.0832 0.0750 0.2586 0.2526 0.1141 0.0838 0.2678 0.0889 **0.5949 
# of RCA 0.1667 0.3706 0.0936 0.4590 0.1237 0.3078 0.1371 0.3311 0.1544 **0.5566 
Area of RCA 0.1866 0.1700 0.2021 *0.5068 0.2982 0.2879 0.3252 *0.4843 0.0216 ***0.7559 
CCS 0.2650 0.4257 0.2761 0.4683 *0.4903 *0.4858 ***0.8058 0.2058 0.1562 *0.4991 
 Root Angle 0.1938 0.1659 0.4013 0.0966 0.0724 0.1211 0.0846 0.3148 0.1033 0.3191 
# of Xylem Vessels 0.1093 0.2499 0.1624 0.1025 0.0529 0.0135 0.1440 0.1167 0.0526 0.1361 
Xylem: Stele  0.1348 0.2579 0.1589 0.0751 0.1225 0.2191 0.1224 0.0398 0.1226 0.0786 
Area of Cortex 0.0758 0.0713 0.0726 0.2597 0.2402 0.1084 0.0574 0.2792 0.0914 **0.6007 
Cortical Cell Area 0.0208 0.0219 0.0097 0.1285 0.1849 0.0205 0.0909 0.1645 0.1133 *0.4821 
Cortical Cell: Cortex 0.2432 0.2518 0.2840 *0.5018 0.2580 0.3619 0.3737 0.4033 0.0584 *0.5457 
CCFN 0.0237 0.1556 0.0540 0.0668 0.0538 0.0758 0.2926 0.1627 0.1597 0.4565 
Stele: Cross Section 0.0902 0.2718 0.0210 0.1095 *0.5127 0.1383 **0.6121 0.2293 0.0193 0.2626 
Xylem Area 0.1598 0.3524 0.1713 0.2021 0.3033 0.2487 0.3658 0.0146 0.0722 0.2768 
Stele Area 0.0825 0.2210 0.0964 0.2208 0.3703 0.1737 0.4038 0.1017 0.0500 0.4704 
Diameter 0.1599 0.1574 0.1656 0.2695 0.2741 0.1729 0.1585 0.1845 0.0290 *0.5334 
*	  (p<0.10)	  **	  (p<0.05)	  ***	  (p<0.01)	  
 
Table 12. Correlation analysis for Tropical Japonica.  
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1 
# Crown Roots 0.4947 0.3763 0.4566 **0.8432 0.1438 0.5522 0.0000 0.6767 0.4557 0.5558 
Root Length 0.1444 0.1316 0.1476 0.4454 0.4678 0.0890 0.0000 0.6940 0.3239 **0.9117 
 Lateral Roots 0.7031 0.5604 0.6518 **0.8310 0.4242 0.7187 0.0000 0.7072 0.7086 0.3737 
Cross Section 0.4584 0.1599 0.4276 0.1625 *0.7603 0.2173 0.0000 0.2795 0.6562 0.5792 
# of RCA 0.1883 0.4203 0.2082 0.4525 0.6202 0.3935 0.0000 0.5236 0.0245 0.6090 
Area of RCA 0.1536 0.0463 0.1362 0.3271 *0.7639 0.1169 0.0000 0.6155 0.3883 **0.8371 
CCS 0.2439 0.4057 0.3040 0.2810 **0.8952 0.3997 0.0000 0.1327 0.0013 0.4099 
 Root Angle 0.0704 0.0420 0.0635 0.2894 0.1445 0.1911 0.0000 0.4649 0.0252 0.4929 
# of Xylem Vessels 0.0185 0.2021 0.0019 0.2360 0.1139 0.0574 0.0000 0.3169 0.0107 0.3385 
Xylem: Stele  0.4513 0.6682 0.4901 0.1728 0.4262 0.4448 0.0000 0.1551 0.3601 0.2486 
Area of Cortex 0.4719 0.1809 0.4438 0.1635 *0.7523 0.2293 0.0000 0.2981 0.6657 0.5964 
Cortical Cell Area 0.5584 0.2653 0.5291 0.3786 0.5938 0.3645 0.0000 0.1004 0.7042 0.3826 
Cortical Cell: Cortex 0.2231 0.3397 0.2444 0.6004 0.6654 0.4426 0.0000 0.6045 0.0137 *0.7987 
CCFN 0.7177 0.5396 0.7185 0.3085 0.2446 0.5557 0.0000 0.1852 *0.7831 0.5941 
Stele: Cross Section 0.4752 0.5972 0.5249 0.2568 0.6815 0.4693 0.0000 0.1887 0.3573 0.1382 
Xylem Area 0.0191 0.2952 0.0320 0.0912 0.6498 0.0798 0.0000 0.1220 0.1732 0.0472 
Stele Area 0.2330 0.0959 0.1793 0.1241 *0.7943 0.0509 0.0000 0.0291 0.4410 0.3195 
Diameter 0.3594 0.0288 0.3126 0.1724 **0.8580 0.1208 0.0000 0.1917 0.5880 0.4854 
*	  (p<0.10)	  **	  (p<0.05)	  ***	  (p<0.01)	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Table 13. Correlation analysis for Temperate Japonica.  
 C
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# Crown Roots 0.4580 0.1521 0.3439 0.2224 0.2560 0.0465 0.5234 *0.7979 0.4291 0.2856 
Root Length 0.3994 0.2483 0.3713 0.5635 0.4247 0.5014 0.5548 0.1200 0.3725 0.2937 
 Lateral Roots 0.2648 0.7089 0.0971 0.1975 0.0347 0.0757 0.1069 0.2537 **0.8644 0.1507 
Cross Section **0.8845 0.1498 **0.8238 0.2979 0.1399 0.5568 0.4105 *0.7639 0.6294 0.2990 
# of RCA 0.1339 0.4483 0.0760 0.3598 0.3608 0.0622 **0.8559 0.1496 0.2352 0.5936 
Area of RCA 0.7034 0.2290 *0.7563 0.4495 0.3462 0.5827 0.5225 0.4806 0.3310 0.0752 
CCS 0.4811 0.6782 *0.7300 0.7066 0.7111 0.6228 0.0598 0.4936 0.1007 0.1309 
 Root Angle 0.6795 *0.7453 **0.8695 0.5839 0.5128 *0.7655 0.2010 0.5656 0.0944 0.2023 
# of Xylem Vessels 0.5021 0.2579 0.5636 0.1906 0.2095 0.1822 0.2556 ***0.9385 0.1949 0.1542 
Xylem: Stele  0.1028 0.1768 0.0198 0.0239 0.0523 0.2117 0.0000 0.5555 0.2421 0.1271 
Area of Cortex **0.8947 0.1436 **0.8273 0.3058 0.1391 0.5725 0.4019 *0.7444 0.6482 0.3074 
Cortical Cell Area **0.8323 0.0797 0.7204 0.1872 0.0194 0.4709 0.2779 *0.7412 0.6859 0.4332 
Cortical Cell: Cortex 0.1935 0.1055 0.2935 0.3818 0.3627 0.3115 0.4099 0.0673 0.0433 0.4039 
CCFN *0.7378 0.3693 0.7258 0.3296 0.4599 0.4753 0.2791 0.5841 0.3383 0.6116 
Stele: Cross Section *0.7545 0.1920 0.5205 0.4133 0.0981 0.6782 0.1254 0.0835 **0.8973 0.2991 
Xylem Area 0.5244 0.2995 0.6329 0.1908 0.1502 0.4395 0.5388 0.4079 0.0826 0.0874 
Stele Area 0.6644 0.2206 0.7004 0.1630 0.1373 0.2916 0.4910 ***0.9589 0.3141 0.1558 
Diameter **0.8269 0.1365 *0.7929 0.3457 0.2245 0.4912 0.4754 **0.8130 0.5587 0.1838 
*	  (p<0.10)	  **	  (p<0.05)	  ***	  (p<0.01)	  
 
Table 14. Correlation analysis of architectural and anatomical traits.  
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Root Length **0.57             
Cross Section **0.62 ***0.78            
# of RCA 0.30 **0.56 *0.49           
Area of RCA **0.54 ***0.81 ***0.89 **0.60          
CCS 0.29 *0.49 **0.56 0.14 ***0.66         
Area of Cortex **0.61 ***0.77 ***0.99 *0.48 ***0.89 **0.55        
Cortical Cell 
Area 
**0.59 ***0.69 ***0.97 0.39 ***0.76 0.45 ***0.97       
Cortical Cell: 
Cortex 
0.21 **0.58 0.44 ***0.66 ***0.78 *0.52 0.44 0.23      
CFN **0.65 ***0.80 ***0.83 *0.51 ***0.84 0.38 ***0.84 ***0.77 *0.53     
Stele: Cross 
Section 
0.26 *0.47 **0.65 0.27 *0.50 0.18 ***0.67 ***0.71 0.13 ***0.70    
Xylem Area 0.42 ***0.81 **0.63 **0.63 ***0.68 *0.46 **0.62 **0.53 **0.63 **0.55 0.23   
Stele Area **0.65 ***0.76 ***0.82 *0.48 ***0.78 **0.61 ***0.80 ***0.75 *0.46 **0.57 0.16 ***0.76  
Diameter **0.62 ***0.75 ***0.98 **0.53 ***0.85 **0.57 ***0.98 ***0.96 0.41 ***0.79 **0.63 **0.66 ***0.84 
*	  (p<0.10)	  **	  (p<0.05)	  ***	  (p<0.01)	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Table 15. Correlation analysis of intrinsic gene expressions. 
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R
O
1 
CRL2          
OsIAA3 0.4629         
OsEXPA17 0.0933 0.4726       
OsRAA1 0.3824 *0.5536 0.3868       
OsEXPA30 0.1806 0.1545 0.0410 0.0787      
WOX11 0.0509 0.4956 ***0.9457 0.3547 0.0496     
RH2 0.0537 0.3759 **0.6657 0.3581 *0.5715 **0.6674    
OsWRKY3
1 
0.0963 0.2445 0.1969 0.2879 0.0910 0.2484 0.1574   
DRO **0.7384 **0.7172 0.3951 0.5014 0.3839 0.4233 ***0.8813 0.1952  
OsDGL1 0.2159 0.0983 0.1536 0.3241 0.2407 0.1600 0.3123 *0.5704 0.3578 
*	  (p<0.10)	  **	  (p<0.05)	  ***	  (p<0.01)	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Figure 1. Rainfed lowland rice regions in South and Southeast Asia (Fukai et al., 1996).	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Figure 2. Distribution of world rice area in different ecological zones (Khush, 1997). 
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Figure 3. Architectural traits in 37 diverse rice genotypes 
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Figure 4. Anatomical traits in 37 diverse rice microscopies  
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Figure 5. Gene Networks controlling root development in rice. Arrows represent the positive 
regulatory action of one element of the network on another one. A line ending with a dash 
represents the negative regulatory effect. Text color code: genes tested – blue, processes – pink, 
root phenotypes – green, hormones – red, genes identified from literature – black. 
 
 
